Endowed by the many possible combinations of their constituting elements, 2D transition-metal dichalcogenides (2D-TMDs) can exhibit a multitude of exotic properties. [1, 2] For the much-studied group VI 2D semiconductors, these include coupled spin and valley degrees of freedom, [3] an indirect-to-direct bandgap transition, [4, 5] valley polarization, [6, 7] long-lived electron spin in the nanosecond time regime, [8] and so on. There is increasing interest in metallic 2D-TMDs in which a rich variety of intrinsic correlated electronic phases can be experimentally accessed in the monolayer limit. [9] [10] [11] [12] These electro nic phases can be exploited as potential building blocks for functional van der Waals heterostructures, [13, 14] as well as for other electronic, [15, 16] sensing, [17] or catalytic [18, 19] applications.
polymorphs, that is, the 1T and 2H structures, but only the former is known to exist. [20] [21] [22] The metallic character of VSe 2 stems from its 3d 1 electron configuration, which also invokes charge-density wave (CDW) order and magnetism. Recent scanning tunneling microscopy (STM) and angle-resolved photoemission (ARPES) studies have confirmed an enhancement of the CDW order in monolayer VSe 2 grown by molecularbeam epitaxy (MBE). [23] [24] [25] [26] However, the ferromagnetic state, predicted by first-principles calculations, remains controversial, as conflicting results have been reported. [21, [23] [24] [25] 27, 28] Theoretically, the magnetic moment in monolayer VSe 2 , mainly arising from the vanadium ions with a value of ≈0.6 µ B per V ion, [21, 22] should be much smaller than those in 3d ferromagnets, such as Fe (≈2.2 µ B ) or Co (≈1.8 µ B ). Experimentally, a huge value of almost an order larger than Fe and Co has been reported, however. [23] Such inconsistency has thus cast doubt on the sole use of bulk magnetic tools for characterizing monolayer VSe 2 and other 2D magnets, where its capability to extract a weak signal from an overwhelmingly larger substrate background signal can potentially lead to misleading results. [29] A similar issue has been encountered previously with studies on diluted magnetic semiconductors, where unintended magnetic contributions from various sources (contaminations, defects, etc.) led to observations that were thought to be intrinsic to the materials. [30] Therefore, to avoid any conflicting observations, careful assessments by comparison to other unambiguous techniques would be mandatory.
In this work, we utilize a combination of in situ microscopic and spectroscopic techniques, including STM/scanning tunneling spectroscopy (STS), synchrotron-based PES, ARPES, and X-ray absorption (XAS), to elucidate the metallic 1T-phase and 3d 1 electronic configuration of monolayer VSe 2 grown on HOPG by MBE. In stark contrast to previous reports, [23, 24] our element-specific X-ray magnetic circular dichroism (XMCD) measurements find no salient feature of ferromagnetically coupled V 3d states down to 16 K and up to a 1 T magnetic field. We, instead, observe traits of spin frustration in the monolayer from complementary temperature-and field-dependent susceptibility measurements. Our results are attributed to atomic-scale structural details of the monolayer, which can affect the relative stability of the ferromagnetic and antiferromagnetic (AF) ground states. This new finding is expected to open up new and careful searches for exotic low-dimensional quantum phenomena.
The 1T structure of VSe 2 consists of a hexagonal plane of V atoms sandwiched by two Se atomic planes with in-plane and out-of-plane lattice constants of 3.4 and 6.1 Å (Figure 1a) . [20] For its monolayer on HOPG, we find similar lattice structure and parameters by STM at 77 K. The line profile (Figure 1b ) across the step edge of a VSe 2 terrace indicates an apparent height of 7.0 Å, in good agreement with the monolayer height for VSe 2 . Our atomic-resolution STM measurement ( Figure 1c ) reveals a (1 × 1) hexagonal structure unit with an in-plane lattice constant of 3.4 ± 0.1 Å, as marked by the line profile in Figure 1d . We also observe two additional (√3 × 2) and (√3 × √7) superstructures, similarly reported in a recent STM study. [24] These superstructures have been associated with a low-temperature CDW, with enhanced charge ordering arising from an energy gap opening in the monolayer 2D Fermi surface rather than in only the well-nested portions as in the bulk. [25] Our STS measurements identify the presence of such a CDW gap, manifested as a differential conductance dip around the Fermi level. The size of this gap is ≈26 meV, comparable with values reported previously. [23] [24] [25] It is worthwhile to note that the much larger CDW gap observed in a prior ARPES measurement [26] is related to the fact that such gap was obtained along the M-K direction of the VSe 2 's 2D Brillouin zone, which has a more pronounced gap opening (≈100 meV) than that along the Γ-K direction (in the order of ≈20 meV or smaller). This essentially explains the smaller CDW gap in our case, as the STS mainly probes the local density of states around the Γ point. Figure 2 summarizes the surface electronic properties of monolayer VSe 2 measured by synchrotron-PES. Core-level measurements (Figure 2a) show that the V 2p characteristic peaks of the monolayer are positioned at 513.4 and 520.9 eV in binding energy (BE), and the Se 3d peaks at 53.4 and 54.2 eV. For atomically thin materials, one should consider the role of substrate-induced core-hole screening in defining the measured core-level positions. As a general rule, the more conductive a substrate is, the stronger the screening of the overlayer corehole. Hence, the overlayer core-levels will be shifted to lower BE. We note that this screening mechanism is rarely discussed in previous studies of 2D-TMDs, [18, [31] [32] [33] [34] and explains the lower core-level positions of monolayer VSe 2 on HOPG compared to those (V 2p 3/2 at 514-517 eV) on insulating substrates (SiO 2 and mica). However, as we will discuss below, inevitable oxidation of ambient-exposed VSe 2 can also influence these corelevel positions.
The valence band and work function of monolayer VSe 2 are probed by a photon source with an energy of 60 eV. A sharp Fermi edge is observed at the valence band (Figure 2c ), originating from the V 3d states. The spectral features at 1-6 eV are assigned to the Se 4p derived bands, while beyond 6 eV lies a substrate-related bump. From the secondary electron cutoff (Figure 2d) , we obtain a work function of 5.0 ± 0.1 eV. This value, an average over the whole sample surface, has been calibrated against that of HOPG ( Figure S1 , Supporting www.advmat.de www.advancedsciencenews.com Information) and is comparable with the value experimentally extracted by STM. [35] Given its good match to that of monolayer MoSe 2 (5.1 eV), our measured value raises a tantalizing prospect of a low-resistivity p-type metal/semiconductor van der Waals heterostructure. [36] Air exposure results in newly developed peaks at the higher BE side of the initial V 2p core-levels, in addition to a high-BE shoulder in the Se 3d spectrum. These new peaks indicate oxide formation, given their similar BE positions to those of VO 2 . [37] Both the valence band and work function are significantly modi fied. The initially sharp Fermi edge is seen to lose almost all of its spectral weight after the exposure, accompanied by a work function reduction of 0.25 eV. These are collectively comparable to published results comparing pristine and contaminated VSe 2 crystals. [38] Figure 3a ) electronic configuration for 1T-VSe 2 . Due to the octahedral coordination, the 3d degenerate orbitals of the V ions are split into two sets of e g and t 2g states, with an energy separation of 10 Dq. The t 2g states are at lower energy orbitals than the e g states and therefore are filled by an unpaired electron. By measuring its V L 2,3 -edge XAS in the total electron yield (TEY) geometry (Figure 3b ), [39, 40] we directly verify this d 1 configuration in our monolayer. The XAS spectrum in Figure 3c reveals two main peaks (feature a,c) at ≈518 and 524 eV, corresponding to the V L 3 and L 2 absorption edges due to dipole-allowed atomic-like transitions from the spin-orbit split V 2p 3/2 and 2p 1/2 core-levels to the 3d unoccupied states. The fine structures (labeled as a,b,d) at the lower energy side of those main peaks are related to the distribution of atomic multiplets. These spectral features are akin to those measured from bulk 1T-VS 2 [33] and other 3d 1 vanadium compounds, [41] thus providing a spectroscopic fingerprint of the 1T phase of the monolayer.
In agreement with ref. [25] , our V L 2,3 -edge XMCD measurements, performed in an applied magnetic field up to 1 T and at temperatures down to 16 K (lower panel of Figure 3c and Figure www.advmat.de www.advancedsciencenews.com predominant substrate background, a general issue known for other existing 2D magnets. [23, 29] Magnetic susceptibility (χ = M/H, where M and H are defined as magnetic moment per area and magnetic field strength, respectively) of the monolayer further reveals clear signatures of spin frustration (Figure 4c) . One observes an overlap between the field-cooling (FC) and zero-field-cooling (ZFC) curves, indicating an absence of a long-range magnetic order, even down to 2 K and in a 7 T field (upper panel). One also observes a broad maximum for the measured χ, a characteristic feature of low-dimensional magnetic systems with a short-range AF interaction. [42] A negative Weiss constant θ cw obtained from the Curie-Weiss (CW) fits to the high-temperature region of χ −1 (lower panel of Figure 4c and Figure S4 , Supporting Information) indeed supports an AF origin of the exchange interaction in monolayer VSe 2 . This interaction is, however, distinguished from that of a conventional AF magnet, because of its field-dependent θ cw , as compared between Figure 4c and Figure S4 (Supporting Information). For the 7 T field data, we obtain a frustration factor f = |θ cw |/T N ≥ 51, where the AF Néel temperature T N is below 2 K. The fact that f is much larger than unity [43] gives further evidence of spin frustration in monolayer VSe 2 . The frustration observed here can have a geometrical origin, given a reasonable reproducibility of the temperature-dependent χ by the 2D spin-1/2 Heisenberg antiferromagnet on a triangular lattice model [44, 45] (Figure S5 , Supporting Information). The essential idea of this model is depicted in Figure 4d , where, on a triangular spin lattice with AF coupling, three neighboring spins cannot be mutually antialigned with each other, thus resulting in fluctuating spins and suppressed AF correlation, in accordance to our observation. It is worth mentioning that, due to the small spins (i.e., spin-1/2) and monolayer nature of our VSe 2 , other contributions, such as quantum frustration and low-dimensionality, may also play a role in the observed frustration, because of their tendencies to destabilize long-range magnetic order.
Given the prior predictions of a more stable ferromagnetic ground state than that of AF in monolayer VSe 2 , [21, 22, 28] our findings above may appear surprising. However, density functional theory (DFT) calculations also predict the 2H phase to be slightly more stable than the 1T phase, which in view of our ARPES measurements is incorrect ( Figure 5 and Figure S6 , Supporting Information). Inclusion of a Hubbard on-site repulsion U in the DFT calculations, however, stabilizes both the 1T structure, as well as the AF ordering. Nevertheless, the energy difference with ferromagnetic ordering is small (≈22 meV, Table S1 , Supporting Information), which can be lifted by the presence of structural features, such as misaligned domains and boundaries, vacancies, or edges. These can contribute additional states at the Fermi level, as corroborated by ARPES. Figure 5a shows an ARPES intensity map of monolayer VSe 2 measured at 300 K. Near the Fermi level, one observes a weakly dispersive V 3d band and a set of degenerate Se 4p bands with a strong downward dispersion. These bands are better distinguished in Figure 5b ,c. Although these measured bands are azimuthally averaged results of differently oriented domains ( Figure S7 , Supporting Information), the good agreement in the overall band structure between our experiment and DFT calculations ( Figure S6 , Supporting Information) confirms the corresponding 1T structure of the monolayer. Our findings are also consistent with recent reports that the intrinsic valence electron structure of monolayer VSe 2 is largely preserved on graphitic systems. [25, 26] Upon cooling to 12 K, a CDW transition is evident, shifting the V 3d and Se 4p bands away from the Fermi level, with a marked increase in their intensities (Figure 5d-f) . These bands appear as a double-peak structure in the energy distribution curves (EDCs) in Figure 5g , which is otherwise unresolved at 300 K. The relative spectral changes observed are further analyzed by normalizing the EDC intensities to the Fermi-Dirac (FD) function, in order to highlight the effect of temperature on the spectral broadening. Essentially, the EDCs indicate a leading-edge midpoint shift toward An overlap between the field-cooling (FC) and zero-field-cooling (ZFC) curves down to 2 K and in a 7 T field, together with a broad maximum for the measured χ, a characteristic feature of low-dimensional magnetic systems with a short-range antiferromagnetic (AF) interaction, indicates the presence of spin frustration in monolayer VSe 2 . Lower panel: A negative Weiss constant θ cw obtained from the Curie-Weiss (CW) fit to the high-temperature region of 1/χ, suggesting an AF origin of the exchange interaction in monolayer VSe 2 . d) A triangular spin-lattice with AF coupling. In this geometry, three neighboring spins cannot be mutually antialigned, thus leading to spin fluctuation and suppressed AF correlation.
www.advmat.de www.advancedsciencenews.com higher BE upon cooling, indicative of the opening of a CDW gap, in agreement with our STS measurements as well as previous studies. [23, 25, 26] However, we note that a full gap has been reported previously, [25] in contrast to our observation of a finite Fermi-edge cutoff, even at 12 K. We attribute this partly to the sharp edge structures in our monolayer ( Figure S7 , Supporting Information), arising from the relatively high growth temperature used for this work. To support this, Figure S8 (Supporting Information) shows the density of states of a local step edge of the monolayer, probed by STS, where finite electronic states are clearly evidenced around the Fermi level. This finding is in line with the DFT calculations for both armchair and zigzag edges of monolayer VSe 2 ( Figure S9 , Supporting Information). These edge-derived states not only can hide the CDW gap but also induce additional energy broadening in the EDCs.
Our first experimental observation of spin frustration in monolayer VSe 2 , a representative van der Waals monolayer magnet in the family of 2D-TMDs, is striking. As a frustrated magnet, its spins exhibit subtle correlations, albeit in the absence of a long-range order. Many exotic quantum phases, such as quantum spin liquid [46] and high-temperature superconductivity, [47] are related to spin frustration. We, therefore, expect this work to stimulate new work in the field of metallic 2D-TMDs in the theoretical and experimental exploration of quantum phenomena in the 2D limit. Moreover, our results suggest that atomic-scale structural details of monolayer VSe 2 may play a role in its magnetism, by modifying the Fermi level electronic structure and the relative stability of ferromagnetic and AF ground states. A systematic study establishing a structure-magnetism relationship will thus provide timely insights into this issue.
Experimental Section
Molecular-Beam Epitaxy: Monolayer VSe 2 films were grown on HOPG (SPI-1) in a custom-built MBE chamber with a base pressure of better than 1 × 10 −9 mbar. The substrates were prepared by in situ cleavage followed by annealing at 820 K for at least 120 min. High-purity V and Se were evaporated from an electron-beam evaporator and a standard Knudsen cell, respectively. The Se/V flux ratio was controlled to be >10. During the growth process, the substrate temperature was kept at 650 K. To protect the samples from ambient contaminations during ex situ transport to other ultrahigh vaccum (UHV) measurement systems, a Se capping layer with a thickness of at least ≈10 nm was deposited on the samples after growth. For subsequent characterization by PES, ARPES, and XAS/XMCD, the Se cap was desorbed in UHV at 500 K for 20 min.
Scanning Tunneling Microscopy and Spectroscopy: STM measurements were carried out in a custom-built multichamber UHV system housing an Omicron LT-STM interfaced with a Nanonis controller. The base pressure was better than 10 −10 mbar. A chemically etched tungsten tip was used, and the sample was kept at 77 K during all the measurements. STM images were recorded in constant current mode. For dI/dV spectra, the tunneling current was obtained using the lock-in technique.
Synchrotron-Based Photoemission: PES measurements were performed at 300 K at the SINS beamline of the Singapore Synchrotron Light Source (SSLS), which covers the photon energy range from 50 to 1200 eV. Upon cooling, the V 3d and Se 4p bands are observed to shift toward higher BE. g) These bands appear as a double-peak structure in the EDCs, which is not resolved at 300 K. The measured intensities of the EDCs have been normalized by the FD function, in order to highlight the effect of temperature on the spectral broadening. A CDW gap opening is evidenced by a leading-edge midpoint shift toward higher BE when cooling down to 11 K from 300 K.
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Adv. Mater. 2019, 31, 1901185 A Scienta SES-200 spectrometer was used to collect the spectroscopic data at normal emission, while the X-ray beam was at an incident angle of 45° relative to the sample normal. A bias voltage of −7.0 V was applied to the sample during work function measurement in order to negate the effect of the analyzer work function. The binding energy of the data was calibrated using the 4f core-levels and Fermi edge of a reference Au foil.
Angle-Resolved Photoemission: The ARPES measurements were collected with HeIα (hv = 21.218 eV) radiation source (SCIENTA VUV5k). The photoelectrons were analyzed in the plane of incidence with a high energy and angular resolution SCIENTA DA30L analyzer. The angular detection range spans ±15° with respect to the spectrometer lens axes. Wider angular limits were obtained by rotating the sample with respect to the analyzer lens entrance axes. During ARPES acquisition the total energy resolution was set to 20 meV, with the angular resolution being better than 0.2°. The binding energy scale was referred to the Fermi level (E F ) as measured for a clean gold substrate.
X-Ray Absorption Spectroscopy and Magnetic Circular Dichroism: XAS and XMCD measurements were independently carried out at the APE-HE beamline of Elettra Synchrotron Laboratory [48] and at the beamline 6.3.1 of the Advanced Light Source (ALS). The spectra were collected at a sample temperature range of 16-300 K in TEY mode, in which the sample drain current was recorded as a function of the photon energy. The angle of incidence of the photon beam was set to 45° relative to the sample normal. XMCD spectra were recorded with a fixed circular polarization of the X-rays and opposite magnetic fields up to ±1 T.
Superconducting Quantum Interference Device: Temperature-and magnetic-field-dependent magnetic moments and susceptibility were characterized by Quantum Design SQUID over a temperature range of 2-300 K and fields up to 7 T.
Calculations: The electronic structure of monolayer VSe 2 was calculated within the DFT. The DFT calculations were performed using the VASP package, utilizing the projector augmented phase wave (PAW) method, [49] and the Perdew-Burke-Ernzerhof (PBE) exchangecorrelation functional. [50] An on-site Coulomb interaction was included within the GGA+U approach using the Dudarev method, [51] as implemented in VASP. A value U − J = 3 eV for the V 3d electrons was chosen. A separation of 15 Å between V layers in supercell was found to be sufficient to represent an isolated monolayer. A kinetic energy cutoff of 280 eV and a Γ-centered 20 × 20 × 1 k-point mesh were employed. The lattice parameters and the atomic positions were optimized until the forces on the atoms were less than 10 meV Å −1 .
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